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Abstract 
A 3D tactile sensing element concept based on tridimensional piezoelectric aluminum nitride (AlN) membranes is presented. 
Detection modes for normal and shear forces are investigated by FEM simulations. Based on these results a design of a 
functionalized sensing system is performed. The simulation focuses on the mechanical response of pyramidal structures on force 
transmission across the whole membrane surface. Therefore, an embedded device configuration is defined. The overall aim of 
these investigations is to find an optimized sensor electrode configuration and to verify the ability to detect normal and shear 
forces with one element. Additionally, first high aspect ratio pyramidal AlN membrane structures have been successfully 
fabricated. 
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1. Introduction 
This work is motivated by combining AlN thin films as smart sensing material (high mechanical strength [1] in 
combination with its well-known piezoelectric properties [2]) with the capability of a monolithic integrated 3D 
tactile sensor. The fabrication of 3D AlN membrane elements opens up the opportunity to generate piezoelectric, 
tactile sensors with sensitivity towards normal and shear forces. Thus no hybrid integration of different sensors into 
a tridimensional system is needed for this functionality. State of the art approaches for tactile sensing elements are 
capacitive [3], piezoresistive [4], but also piezoelectric coupled [5] sensing systems. In most cases there exists no 
real 3D sensing capability. A 3D sensing system [4] has to be built up in a hybrid manner, which makes it complex 
to design arrays of sensing elements. Using out-of-plane structures in an integrated way hybrid assembly is not 
required. The use of embedded tactile sensing elements is of great interest for touch-sensitive applications or devices 
for airflow detection. 
2. Fabrication 
The 3D AlN membranes are fabricated with standard MEMS technology. After structuring a cavity in the bulk 
silicon substrate via anisotropic etching the pattern is coated with an AlN thin film. The thin film is synthesized by 
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reactive rf magnetron sputtering. The sputtering process is well established by previous work of the authors [1]. The
oriented crystalline structure of AlN can be defined by varying the sputtering process parameters to realize low-
stress piezoelectric films. Finally, free standing membrane elements can be generated. This process takes benefit 
from the chemically stable behaviour of AlN in SF6 plasma chemistry. An optimized DRIE plasma etch process is 
applied to remove the silicon bulk from the backside. As result of the local thinning of the silicon wafer the 3D AlN 
membrane elements stand free. Figure 1a depicts an SEM photo of a free-standing AlN membrane element. The 
realized structures are based on a 500 nm thin AlN film and have lateral and out-of-plane dimensions of more than 
100 µm. Additional to that, a fabrication process to define electrode elements on sidewalls of anisotropic etched 
cavities in silicon has been developed successfully as shown in Figure 1b. This process development makes it 
possible to generate 3D AlN membrane elements with integrated electrodes which are the starting point for the 
following design and simulation work. 
 
            (a)         (b) 
Fig. 1. SEM pictures of the pyramidal structure; (a) free standing membrane element; (b) integrated electrodes on inclined sidewalls 
3. Design Approach 
For the design of pyramidal membrane elements as described in chapter 2 there are some fixed geometrical 
conditions determined by the anisotropic shape of the cavity in the silicon substrate. The inclination angle of the 
pyramidal sidewalls is given by the mono-crystalline structure of the used (100) silicon wafer (54.74°). For 
symmetric reasons the membrane elements have to provide a squared footprint. These fixed geometrical conditions 
define a clear correlation between out-of-plane and lateral dimensions of the membrane elements. This correlation is 
well-known from the anisotropic structuring processes of mono-crystalline silicon. Due to this relation the height 




For flat pyramidal elements the height hflat is adjustable, but the edge length of the pyramidal squared top surface 




As free geometrical conditions the overall element size and the AlN film thickness provide room for design 
variations. Additionally, the configuration of pyramidal top shape, electrode design and the double layer 
(monomorph) configuration of the sensing device are major variation capabilities. 
3.1. Pyramidal top shape 
There are two different configurations for pyramidal membrane elements defined by the anisotropic etched 
cavities. Sharp and flat structures can be realized by adaptation of the etching depth, only. The sharp structures are 
of special interest for applications such as direct tactile positioning and sensing in the nm-scale. 
2⋅−≈ flatflat hab
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 As second top shape a flat geometry can be used. The dimensions of this plateau surface are adjustable as 
mentioned in (2). So an increase in footprint result directly in a larger plateau surface if the height of the element is 
held constant. The choice of top shape and structure size depends on the different application fields. For further 
simulation work a free-standing flat pyramidal structure with dimensions of 191 µm in-plane and 100 µm out-of-
plane is used. Because an embedded configuration for touch sensitive approaches is picked, a flat mechanically 
stable structure is selected instead of a sharp small element. Resolution is not a critical factor for this kind of 
application. Therefore, single pyramidal elements have not to provide a minimum size. 
3.2. Position and number of electrodes 
For signal detection electrode elements have to be integrated into structure design. From the technological point 
of view it is possible to deposit thin patterned metal films on sidewalls of anisotropically etched cavities in silicon 
substrates as shown in Figure 1b. The electrode elements have to be positioned at the clamping of the membrane 
element and the silicon bulk, with respect to the highest values for mechanical stress caused by external force 
interaction. Mechanical stress values as result of simulations serve as indicator for the achievable piezoelectric 
signal. A bending moment is source of the mechanical stress and thus there is the ability of electrical signal 
generation via transversal piezoelectric effect. For clear signal generation and detection the electrode regions have to 
reach some span into the membrane element. For the simulated pyramidal structure this span is fixed at 30 µm. 
Another aspect of electrode configuration is the number of electrodes on each single pyramidal sidewall. 
Technologically it is possible to place two or three electrode elements on every sidewall. For analyzing purposes a 
higher number of integrated electrodes lead to a complexity increase of signal processing. The aim of simulation has 
to be to define the minimum number of electrodes required to get a secure analysis of the direction and magnitude of 
the force applied. For this reason a four-electrode and an eighth-electrode pyramidal membrane element is simulated 
and analyzed. 
3.3. Double layer configuration 
For piezoelectric sensing elements with transversal piezoelectric coupling it is essential to shift the neutral axis 
away from the symmetry center of the piezoelectric active layer. Otherwise there are two opposing charges which 
compensate for symmetric layout. The shift of neutral axis can occur by a double layer configuration consisting of 
the piezoelectric active AlN layer and a passive layer which can be the electrode material or an additional structural 
layer. Due to the high mechanical stability of the AlN thin films in general no additional structural layer is required. 
So the double layer configuration can be realized by different thick sandwich electrodes. For mechanical simulation 
the double layer integration is simplified to one layer. Because for first valuations only the mechanical response is of 
interest, thus the generation of electrical signal is not analyzed. For further, accurate simulation and for fabrication 
of devices the double layer integration has to be taken into account. 
4. Simulation 
For simulation, a 3D-model of the pyramidal membrane is used to calculate the mechanical response for different 
load cases. The above-described geometry is chosen for the pyramidal structure after some pre-simulation. The AlN 
membrane is modeled with equal force attack across the complete free surface. This case represents an embedded 
device configuration which is a typical design for touch sensitive sensor. 
The simulated loads are changed in three different cases concerning their force attack: 
• Transition from substrate normal to substrate parallel direction along one pyramidal face 
• Changed orientation of substrate parallel direction about 90° in-plane 
• Transition from substrate parallel to substrate normal direction along one pyramidal edge 
Due to the symmetry of the pyramidal element these three load cases build up the fundamental scenarios of force 
attack. Potential in signal detection of a sensing element is indicated by the analysis of mechanical stress in the 
defined electrode regions. These regions are integrated at the clamping of the membrane with the silicon bulk like 
already described in chapter 3.2. Simulations for the different load cases exhibit a strong dependency between 
generated mechanical stress in the defined electrode regions and force attack. These dependencies are displayed in 
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Figure 2 exemplarily for the first load cases mentioned above and for four and eight electrode configuration, 
respectively. The applied force is 20 mN and the force direction changes in steps of 15°. Graphs show the 
mechanical stress values at the outer membrane surface. Displayed positive values for stress are standing for tensile 
and negative for compressive stress, respectively. Different signs in stress values result in different signs for 
piezoelectric induced signal. By analyzing the electrode regions it can be clearly seen that an explicit correlation 
exists between the load case and the possibly received electrical signal due to the piezoelectric coupling. An increase 
in force value only, generates a higher level of the detected stress values but no changing in relation between the 
four values. This has been confirmed by simulating force values of 10 mN, 20 mN and 30 mN. For the two other 
load cases the same behavior has been monitored. 
  
Fig. 2. Mechanical stress values on the outer membrane surface in defined electrode regions (a) for four electrode configuration and (b) for eight 
electrode configuration 
Comparing the two chosen electrode configurations leads to similar results in detection of load case. The 
advantages of the higher electrode number is an about 10% increase in stress level for an equal force value and 
better detection possibilities of changing shear load, which is due to the splitting of the detection area in two regions 
for each pyramidal sidewall. 
5. Conclusion 
The simulation work has clearly shown the feasibility to build a tactile sensing element with 3D sensitivity on the 
basis of these AlN membrane elements. Further work on material property analysis will feed simulation with data 
concerning the breaking strength of AlN thin film material. In consequence a detailed simulation will follow 
resulting in a design and fabrication of an integrated sensing element. 
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